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Description 

CROSS REFERENCE TO RELATED APPLICATION 

[0001] This application is based on Japanese Patent Application 2002-086247, filed on March 26. 2002, the entire 
contents of which are Incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

A) FIELD OF THE INVENTION 

[0002] This invention relates to a crystal-growth substrate adapted for growing zinc-oxide-containing (ZnO-contain- 
ing) compound senniconductor crystal, a ZnO-containing compound semiconductor device and a manufacturing method 
of the ZnO-containing compound semiconductor crystal. 

B) DESCRIPTION OF THE RELATED ART 

[0003] A ZnO-containing compound semiconductor such as ZnO is one of wide band gap semiconductors, and its 
excllon binding energy is large as about 60 meV. A device with higher emission efficiency than a light emitting diode 
using a gallium nitride-containing (GaN-containing) compound semiconductor as an active layer material can be the- 
oretically obtained by a light emitting diode using the ZnO-containing compound semiconductor as the active layer 
material. 

[0004] Therefore, the ZnO-containing compound semiconductor is expected as an active layer material of a blue 
light emitting diode or an ultraviolet light omitting diode. In order to use the ZnO-containing compound semiconductor 
as the active layer material of the light emitting diode, at first, it is necessary to obtain a single crystalline layer of the 
compound semiconductor. 

[0005] The single crystalline layer of the compound semiconductor is formed, for example, by a molecular beam 
epitaxy (MBE) method or by a laser ablation deposition method, on an a-cut (a-plane) sapphire substrate or a c-cut 
(c-plane) sapphire substrate directly or via a template layer. 

[0006] The crystal structure of the ZnO-containing compound semiconductor is a wurtzite-type that is one of the 
hexagonal crystal structures, and the crystal growth on an a-cut sapphire substrate or a c-cut sapphire substrate usually 
takes place in the direction of -c axis (oxygen (O) surface). When, for example, a gallium (Ga) surface GaN film is used 
as a template layer, it is also possible to make the crystal growth of the ZnO-containing compound semiconductor carry 
out in the direction of -fc axis (zinc (Zn) surface). Moreover, crystal growth can be carried out in the direction of +c axis 
on a Zn surface ZnO substrate. 

[0007] In order to use ZnO-containing compound semiconductor as, for example, an active layer of a light emitting 
diode, it is desirable to obtain a single crystalline layer with less crystal defect. However, crystal defect tends to be 
produced in the single crystal of the ZnO-containing compound semiconductor. 

SUMMARY OF THE INVENTION 

[0008] It is an object of the present invention to provide a crystal -growth substrate adapted for a ZnO-containing 
compound semiconductor crystal by which a ZnO-containing compound semiconductor crystal with an improved crys- 
tallinity can be easily obtained. 

[0009] It is another object of the present invention to provide a ZnO-containing compound semiconductor device with 
a ZnO-containing compound semiconductor single crystalline layer wherein the single crystalline layer with an improved 
crysLalttnily is easily obtained. 

[0010] It is a further object of the present invention to provide a manufacturing method of the ZnO-containing com- 
pound semiconductor crystal by which aZnO-containing compound semiconductor crystal with an improved crysta II inity 
is easily obtained. 

[001 1 ] According to one aspect of the present invention, there is provided a growth substrate comprising a compound 
single crystal layer of a hexagonal crystal structure having a plurality of (0001 ) surfaces configured as a sequence of 
steps aligned along a direction of a-axis and adapted for growing, on said compound single crystal layer, a ZnO- 
containing compound semiconductor single crystal of a hexagonal crystal structure having a growing front surface 
declined toward the direction of the a-axis. 

[0012] According to another aspect of the present invention, there is provided a ZnO-containing compound semi- 
conductor device, comprising: a growth substrate comprising a compound single crystal layer of a hexagonal crystal 
structure having a plurality of (0001) surfaces aligned in a sequence of steps along a direction of a-axis; and a ZnO- 
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containing compound semiconductor single crystal layer of a hexagonal crystal structure formed on said compound 
single crystal layer and having a groNArth front declined toward the direction of the a-axis. 

[0013] According to further aspect of the present invention, there is provided a method of manufacturing a ZnO- 

containing compound semiconductor crystal, comprising the steps of: (a) preparing a crystal-growth substrate com- 
5 prising a compound single crystal layer of a hexagonal crystal structure having a plurality of (0001) surfaces aligned 
in a sequence of steps along a direction of a-axis; and (b) growing a ZnO-containing compound semiconductor single 
crystal of a hexagonal crystal structure having a growing surface leaning toward the direction of the a-axis on said 
compound single crystal layer 

[0014] According to knowledge of the inventors of the present invention, it is desirable to grow up a ZnO-containing 
10 compound semiconductor in the direction of +c axis (Zn surface) in terms of improving crystallinity of the ZnO-containing 
compound semiconductor single crystal. 

[0015] According to the above structure, it will become easy to obtain a ZnO-contalning compound semiconductor 
crystal with improved crystallinity, and it becomes easy to improve performance of the semiconductor device using the 
ZnO-contalnlng compound semiconductor single crystalline layer 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] 

FIG. 1 is a schematic side view showing a crystal-growth substrate according to an embodiment of the present 
invention. 

FIG. 2A is an enlarged decomposed perspective view showing a part of the crystal-growth substrate shown in FIG. 
1, FIG. 2B is a diagram showing a coordinate system corresponding to directions of crystalline axes (a-axis, c- 
axis and m-axis) at a GaN layer in FIG. 2A, and FIG. 2C is a diagram showing a coordinate system corresponding 
to directions of crystalline axes (a-axis, c-axis and m-axis) at the sapphire substrate in FIG. 2A. 
FIG. 3A is a decomposed perspective view schematically showing a substrate on which a semiconductor single 
crystalline layer is grown according to the embodiment of the present invention, and FIG. 3B is a diagram showing 
a coordinate system corresponding to directions of crystalline axes (a-axis, c-axis and m-axis) at the ZnO-contain- 
ing compound semiconductor single crystalline layer in FIG. 3A. 

FIG. 4 is a graph showing growth rate of each of a first to a third sample ZnO single crystal layers and of a first to 
a second reference ZnO single crystal layers. 

FIG. 5A Is a reflection high energy electron diffraction (RHEED) pattern according to the first sample ZnO single 
crystal layer, and FIG. 5B is a RHEED pattern according to a second sample ZnO single crystal layer 
FIG. 6A is a reflection high energy electron diffraction (RHEED) pattern according to the first reference ZnO single 
crystal layer, and FIG. 68 is a RHEED pattern according to a second reference ZnO single crystal layer 
FIG. 7 A is an atomic force micrograph (AFM) concerning to the first sample ZnO single crystalline layer, and FIG . 
78 Is an AFM concerning to the second sample ZnO single crystalline layer 

FIG. 8A is an AFM concerning to the first reference ZnO single crystalline layer, and FIG. 88 is an AFM concerning 
to the second reference ZnO single crystalline layer 

FIG. 9 Is a graph showing a measured result of photo-luminescence (PL) spectra according to the first and second 
sample ZnO single crystalline layers and the first and second reference ZnO single crystalline layers. 
FIG. 1 0 is a graph showing a measured result of X-ray diffraction (XRD) for the first and second sample ZnO single 

crystalline layers and the first and second reference ZnO single crystalline layers. 

FIG. 11 A is a RHEED pattern according to a fourth sample ZnO single crystalline layer, and FIG. 11 B is a RHEED 
pattern according to the third reference ZnO single crystalline layers. 

FIG. 1 2A Is an AFM concerning to the fourth sample ZnO single crystalline layer, and FIG. 1 2B is an AFM concerning 
to the third reference ZnO single crystalline layer 

FIG. 1 3 is a graph showing a measured result of PL spectra according to the fourth sample ZnO single crystalline 
layer and the third reference ZnO single crystalline layer 

FIG. 14 is a schematic cross sectional view showing a ZnO-containing compound semiconductor device according 
to another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

55 [0017] FIG. 1 schematically shows a crystal-growth substrate 10 for a ZnO-containing compound semiconductor. 
The crystal-growth substrate 10 contains a single crystalline sapphire (a-Al203) substrate 2 (hereinafter called the 
sapphire substrate 2) having hexagonal crystal structure and a single crystalline gallium nitride layer 5 (hereinafter 
called the GaN layer 5) fomned on the surface of the sapphire substrate 2. 
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[0018] A ciystal structure of a single crystalline gallium nitride is wurtzite-type that is one of hexagonal-crystal struc- 
tures, and the GaN layer 5 works as a template layer. FIG. 2A is an enlarged decomposed perspective view showinq 
a part of the crystal-growth substrate 10 shown in FIG. 1 . 

[0019] A coordinate system 01 of FIG. 2B shows a direction of crystalline axes (a-axis. c-axis and m-axis) at the 
GaN layer 5 rn FIG. 2A, and a coordinate system C2 of FIG. 2C shows a direction of crystalline axes (a-axis c-axis 
and m-axis) at the sapphire substrate 2 in FIG. 2A. 

[0020] In the both of the coordinate systems CI and C2. c-axis indicated by Miller index [0001 ]. m-axis indicated by 
Miller index [1-100] and a-axis indicated by Miller index [11-20] cross at right angles with each another. 
[0021] Moreover, in notating Miller index, however it is a nomial notational system for a negative value to add a "bar- 
on a numeral, in this specification and the drawings, numeral values with minus "-" are notated 
[0022] A crystal structure of the GaN layer 5 in FIG. 2A is a hexagonal structure that is the same as the sapphire 
substrate 2, and the c-axis of the GaN layer 5 extends to the same direction as the c-axis of the sapphire substrate 2 
and the a-axis of the GaN layer 5 extends to the same direction as the m-axis of the sapphire substrate 2 
[0023] This GaN layer 5 is epitaxially grown in the direction of the +c-plane (Ga surface) on the sapphire substrate 
fnnnl''^^^ multiplicity Of (0001 ) surfaces 5a aligned in a sequence along the direction of the a-axis (hereinafter each 
(0001) surface 5a will be called "the first terrace 5a") via steps. 

[0024] A difference In height (steps) of one (0001 ) terrace 5a and the adjoining (0001 ) terrace 5a Is preferably about 
one molecular thickness or two-molecular thickness. The one molecular thickness corresponds to a size of one mol- 
ecule of GaN, I.e. about 0.26nm. The two-molecular thickness corresponds to a size of two molecules of GaN i e 
about 0.52nm. ' ' 

[0025] That kind of the GaN layer 5 is fomned by, for example, metal organic chemical vapor deposition (MOCVD) 
molecular beam epitaxy (MBE), vapor phase epitaxy (VPE), etc. 

[0026] A crystal-growth substrate 1 0 is formed of lattice mis-match materials such as the sapphire substrate 2 and 
the GaN layer 5. A film thickness of the GaN layer 5 is preferably selected in a range of 1 to 4 um in general When 
the film thickness is less than 1 ^m, the lattice mis-match with the sapphire substrate 2 affects ve^^ much to tend to get 
worse the crystallinity. When the film thickness is more than 4 pm. manufacturing cost will increase 
[0027] An angle of inclination of the envelope of the first terraces 5a with each terrace surface of the first terrace 5a 
IS selected to be about 0.5 degree or below and more preferably to be within a range of 0.1 to 0 3 degrees When the 
angle of inclination of the surface (growth front) of the GaN layers with each terrace surface of the first terrace 5a is 
out of the range between 0.1 to 0.3 degrees, surface morphology of the GaN layer 5 will be easy to be worsened 
[0028] The above-described angle of inclination of the GaN layer is adjustable by selecting the surface fonn of the 
sapphire substrate 2 that is a base of the GaN layer 5. The sapphire substrate 2 contains a multiplicity of (0001 ) surfaces 
2a (herein after each (0001 ) surface 2a will be called "the second terrace") that are aligned in a sequence in the direction 
of Its m-axis. 

[0029] A difference in height (step) of the adjoining second terraces 2a is preferably about one molecular thickness 
or two-molecular thickness. The one molecular thickness corresponds to a size of one molecule of a-AlgO,, i.e. about 
0.22nm. The two-molecular thickness corresponds to a size of two molecules of a-AljOg i e about 0 44nm 
■ [0030] An angle of inclination of an envelope of the second ten-aces 2a with each terrace surface of the second 
terrace is selected to make the angle of Inclination be a predetermined value. The angle of inclination of the second 
terraces 2a is preferably the approximately same value, for example 0.1 to 0.3 degree, as the angle of the inclination 
of the GaN layer 5 to be fomied thereon. 

[0031] When the angles of inclination of the sapphire substrate 2 and the GaN layers are out of the above-described 
relation, it becomes difficult to obtain a desired GaN layer 5 by an influence of the lattice mis-match 
[0032] The sapphire substrate 2 having the second step 2a can be fomned by polishing, etching and annealing in an 
oxygen atmosphere to, for example, the sapphire substrate having a flat (0001) surface. 

[0033] When the sapphire substrate 2 is fonmed by etching, for example, a mixture liquid (HaPO.- H2SO.=1 3) of 
phosphonc acid (H3PO,) and sulfuric acid (H2SO4) can be used as an etchanl. The condition in this case can be for 
example, 1 1 0 degrees Centigrade for 30 minutes. 

[0034] When the sapphire substrate 2 is formed by annealing in the oxygen atmosphere, the condition can be pro- 
vided, for example, 1 000 degrees Centigrade for an hour Crystal structures of the sapphire substrate 2 and the GaN 
layers and each of the above-described angles of inclination can be confinned by using, for example. X-ray diffraction 
[0035] The crystal-growrth substrate 1 0 having the above-described structure is especially suitable for a growth sub- 
strate for growing the ZnO-containing compound semiconductor crystal. By using the GaN layer 5 as the template 
layer to grow the ZnO-containing compound crystal on the GaN layer, the ZnO-containing compound semiconductor 
having the improved crystallinity can be obtained, Therefore, a ZnO-containing compound semiconductor device with 
a ZnO-contaming compound semiconductor single crystalline layer having an improved crystallinity can be obtained 
[0036] FIG. 3A is a decomposed perspective view schematically showing the ZnO-containing compound semicon- 
ductor device according to the embodiment of the present invention . The explanation is omitted for constituent elements 
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similar to those in FIG. 2A by using similar reference symbols to those used in FIG. 2A. A ZnO layer 15 is grown on 
the growth substrate 10. A ZnO-containing compound semiconductor single crystalline layer containing ZnO may be 
grown instead of growing the ZnO layer. 

[0037] A coordinate system 03 shown in FIG. SB shows directions of crystalline axes (a-axis, c-axis and m-axis) at 
5 the ZnO-contalning compound semiconductor single crystalline layer in FIG. 3A. In FIG. 3B, c-axis Indicated by Miller 
index [0001], m-axis indicated by IVIiller index [1-100] and a-axis indicated by Miller index [11-20] cross at right angles 
one another. 

[0038] As shown in FIG. 3A, a ZnO-containing compound semiconductor device 20 contains the growth substrate 
10 described in the above and the ZnO-containing compound semiconductor single crystalline layer 15 (hereinafter 

10 called "the ZnO-containing single crystalline layer 15") formed on the GaN layer 5 of the growth substrate 10. In ac- 
cordance with the necessity, a buffer layer 15x with a thickness of 10 to 40 nm which is formed by ZnO-containing 
compound semiconductor can be provided between the GaN layers and the ZnO-containing single crystalline layer 15. 
[0039] The m-axis and the a-axIs of the ZnO-containing single crystalline layer 15 are parallel to the m-axis and the 
a-axis of the GaN layer 5 which is a template layer, and the c-axis is parallel to the c-axis of the GaN layer 5. 

75 [0040] This ZnO-containing single crystalline layer 15 is grown in the +c-plane (Zn surface) on the GaN layer 5 and 
has a multiplicity of (0001) surfaces 15a (hereinafter each (0001) surface 15a will be called "the third terrace 15a") 
aligned In a sequence along the direction of the a-axis (the direction of a-axIs on the ZnO-containing single crystalline 
layer) via steps. - • 

[0041] A difference in height of Ihe adjoining third terraces 15a is preferably about one molecular thickness or Iwo- 
20 molecular thickness. The one molecular thickness corresponds to a size of one molecule of ZnO, i.e. about 0.26nm. 
The two-molecular thickness corresponds to a size of two molecules of ZnO, i.e. about 0.52nm. 
[0042] An angle of inclination of the envelope of the third terrace 15a with each terrace surface of the third terrace 
15a is selected to be about 0.5 degree orbeiow and more preferably to be within a range of 0.1 to 0.3 degrees. This 
angle of inclination can be adjusted to select the angle of inclination of the base layer that is the GaN layer 5. Crystal 
25 structure of the ZnO-containing single crystalline layer and the above-described angle of inclination can be confirmed, 
for example, by the X-ray diffraction, 

[0043] As described in the above, a ZnO-containing single crystalline layer 15 having an improved crystallinity can 
be obtained by growing the ZnO-contalnIng compound semiconductor on the GaN layer. Therefore, ZnO-containing 
compound semiconductor device 20 with a ZnO-containing compound semiconductor single crystalline layer 1 5 having 

30 an Improved crystallinity can be obtained. 

[0044] In the below, a manufacturing method of a ZnO-containing single crystalline layer 15 using the growth sub- 
strate 10 and a manufacturing method of a ZnO-containing compound semiconductor device 20 will be explained by 
taking a case that a zinc oxide (ZnO) single crystalline layer is fonned by MBE (molecular beam epitaxy) as an example. 
[0045] First, the growth substrate 10 described in the above is prepared, and the GaN layer 5 Is degreased by 

35 cleansing with organic solvent such as methane chloride-containing cleaner (for example, Metaclean of the Tokuyama 
corporation, dichloromethan) acetone or the like. 

[0046] The growth substrate 1 0 Is equipped to a substrate holder in a MBE growth chamber, and the growth chamber 
is evacuated to less than, for example, IxlO*"^ Pa. The surface of the GaN layer 5 Is cleaned by thermal process at 
about a temperature of 700 degrees Centigrade for 30 minutes while irradiating atomic hydrogen onto the GaN layer 5. 

40 [0047] Next, the temperature of the substrate is brought down to 500 degrees centigrade or less (e.g. 350 degrees 
centigrade), zinc (Zn) beam (molecular beam of zinc) and oxygen (O) radical beam (molecular beam of oxygen radical) 
is irradiated on the GaN layer keeping the state described in the above. Then zinc oxide (ZnO) buffer layer with a 
thickness of about 1 0 to 40 nm is fonned. The ZnO buffer layer as deposited Is considered not to have'good crystalline 
quality and to have rough surface because of lattice mismatch between ZnO and the substrate. 

45 [0048] The irradiation of the Zn beam and the O radical beam is stopped once, and planarlty of the surface of the 
ZnO buffer layer is improved. The improvement of the planarity can be made by, for example, conducting a heating 
process wherein the temperature of the substrate is raised up to about 700 degrees centigrade for a few minutes. It is 
considered that the planarity of the surface and the crystallinity of the buffer layer are improved. 
[0049] After the temperature of the substrate is raised to, for example, about 650 degree Centigrade, the Zn beam 

50 and O radical beam are irradiated on the ZnO buffer layer at a same time for growing ZnO crystal in the direction of 
its H-c-plane (zinc (Zn) surface) on the ZnO buffer layer. A ZnO single crystalline layer with an improved crystallinity is 
grown. By further performing necessary processes, a ZnO-containing compound semiconductor device having the 
ZnO single crystalline layer with an improved crystallinity can be obtained. 

[0050] When the surface of the GaN layer 5 is oxidized, that is, when the GaN layer 5 is covered with a Ga203 film, 
55 the ZnO crystal is grown in a direction of a -c-plane (oxygen (O) surface) on this Ga203 film. For growing the ZnO 
crystal in the direction of the +c-plane (Zn surface), It is preferable to form the ZnO buffer layer at a low temperature 
as described in the above and thereby control the oxidation of the surface of the GaN layer 5. 
[0051] In accordance with the above-described method, three kinds of ZnO single crystalline layers (hereinafter 
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on Llh nrl!!JL I ? ""^ ' f^^"^ '^"^ther in c^st.llinity are formed 

ZZT r , ' ' ' P'^''"' ^"'^""^^^ '^"'^'^^'^^ b^^"^ eP'^^>^y (RF-MBE) system. 

Sin. ffii?' f f "° ^'"9'^ ^^^t^lli"^ '^y^-- (hereinafter called %e ZnO single crystalline layer 

ter^aTe ls for^?H±^ T "''"^ ^"^^'^^^^ ^ GaN layer (having no f's 

cTrFrthe^^^^^ 

lave acnlino r h "rP^"^"-^' ^ ^^'^ ^'"S'^ ^'V^t^Hi^^ 'ayer (hereinafter called "the ZnO single crystalline 
ayer according to second reference example") is formed by using a crystal-growth substrate wherein a GaN layer is 
formed on a c-cut sapphire substrate 0.2 degrees off toward a-axis. The GaN layer has an angle of inclination (an 
S„ tl'm''^'"' '° "^-P'^"^) °* degree along a direction of m-axis. ^ 

and thl 7?^ f the crystal-growth substrate used for forming the first to third ZnO single crystalline layers 
f!rst and slndl?" r 'T'' '° ^"'^ ^^'^^"^ ^^^^^^"^^ ^><^"^P'es, an orientln of each of 

S H t ! ' ■ '"'=«"a«°" angle of envelope of the terraces 

With each terrace surface (c-plane), and a thickness of each GaN layer 

[0054] Table 2 shows, in a case of fomiing the first to third ZnO single crystalline layers and the ZnO single crystalline 

ear7no° ? "^^"^P'^^' S^^-*^ '^^"d'*--. an orientation of the t ' dS fee of 
each ZnO single crystalline layers, a step height between adjoining third terraces, an inclination angle of eTvelooe 
growing sur^^ace of the lower third terraces with respect to each third terrace surface, and a thickness of 

i r^^^^^^ 
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[0055] FIG. 4 shows dependency of the growth rate of ZnO single crystal layers on inclination angle according to 
the first to the third reference examples. The abscissa represents the inclination angle of the second terrace and hence 
the inclination angle of the first terrace of the growth substrate, and the ordinate represents a growth rate. 
[0056] Plots P1 to P3 in the graph show the growth rates of the first to the third ZnO single crystalline layers. Plots 
5 PS and P6 show the growth rates of ZnO single crystalline layers according to the first and the second reference 
examples. 

[0057] Obviously from the comparison of the ZnO single crystalline layer P5 according to the first reference example 
and other ZnO single crystalline layers, when terraces are formed on the crystal-growth substrate, the growing speed 

of the ZnO single crystalline layer becomes slower than that in the case of not forming terraces. It is found that the 
10 growth rate of ZnO single crystalline layer has a tendency to be schematically slow as the inclination angle of the 
terrace Is getting larger. 

[0058] Also, obviously from the comparison of the ZnO single crystalline layer P6 according to the second reference 
example having an angle of inclination toward a direction of the m-axis and the second ZnO single crystalline layer 
having the same angle of Inclination toward a direction of the a-axis, when terraces are fonned on the crystal-growth 
15 substrate, the growing speed of the ZnO single crystalline layer Is slower by configuring the terraces in the direction 
of the a-axis than In the direction of the m-axis. 

[0059] In order to find the cause of the difference of the growing speed of the ZnO single crystalline layers, first, each 
surface of the ZnO single crystalline layers are evaluated by a reflection high energy electron diffraction (RHEED). 
[0060] FIG. 5A shows a RHEED pallern of the first ZnO single crystalline layer, and FIG. 5B shows a RHEED pattern 

^0 of the second ZnO single crystalline layer. 

[0061] All of the diffraction patterns are obtained by using an electron beam with an accelerating voltage 20 kV. As 
shown in FIG SB, a pure streaky diffraction pattern is obtained from the second ZnO single crystalline layer. Therefore, 
it is considered that there Is an atomic layer step on the surface of the ZnO single crystalline layer. A spotted diffraction 
pattern is obtained from the surface of other ZnO single crystalline layers. It Is considered to be a gently uneven surface 

25 or a rough surface. 

[0062] In order to confirm the surfaces of each ZnO single crystalline layers, the surfaces of the ZnO single crystalline 
layers are observed by an atomic force microscopy (AFM). FIG. 7A shows an AFM of the first ZnO single crystalline 
layer and FIG. 78 shows an AFM of the second ZnO single crystalline layer 

[0063] FIG. 8A shows an AFM of the ZnO single crystalline layer according to the first reference example, and FIG. 
30 88 shows an AFM of the ZnO single crystalline layer according to the second reference example. Each picture shows 

a region of a size of 1x1 p.m on the surface of the ZnO single crystalline layer An outline arrow and "a-axIs" indicated 

by the outline arrow represents the direction of the a-axis of the ZnO single crystalline layer in each drawing. An outline 

arrow and "m-axIs" In FIG 88 represents the direction of the m-axis of the ZnO single crystalline layer In FIG 88. 

[0064] Obviously from the comparison of FIG. 7A to FIG. 78 and FIG. 8A to FIG. 88, a grain size of each ZnO crystal 
35 of the first to second ZnO single crystalline layer Is largely grown two-dimenslonally in the (0001) surface (c-plane) 

whereas a grain size of each of the ZnO single crystalline layers according to the first to second reference examples 

is small because the growth of each ZnO crystal in the c-plane Is small. 

[0065] The difference of the growing speed of the ZnO single crystalline layer shown in FIG. 4 represents an amount 
of the growth on the c-plane of each ZnO single crystalline layer Also, obviously from the comparison of the first ZnO 
40 single crystalline layer and the ZnO single crystalline layer according to the second reference example, even if the 
growing speed are same, when a multiplicity of the first terraces are formed to be aligned in the direction of a-axis on 
the growth substrate, the ZnO crystals are largely grown In the c-plane and their grain size will be large compared to 
the case that the multiplicity of the first terraces are aligned in the direction of the m-axis. 

[0066] Crystalline qualities of the first and the second ZnO single crystalline layers and the ZnO single crystalline 
layers according to the first and the second reference examples are evaluated by photo-luminescence and X-ray dif- 
fraction. 

[0067] FIG. 9 shows a measured result of photo-luminescence spectra of the first and the second ZnO single crys- 
talline layers and the ZnO single crystalline layers according to the first and the second reference examples. 
[0068] In the figure, solid lines L1 and L2 represent photo-luminescence spectra of the first and second ZnO single 
50 crystalline layers, and solid lines L5 and L6 represent photo-luminescence spectra of the ZnO single crystalline layers 

according to the first and second reference examples. 

[0069] Either one of spectra is obtained by using a laser light (wave length: 325nm, output power: 0.1 mW) oscillated 
by the He-Cd+ laser as an excitation light under a measuring temperature of 4.2K. 

[0070] As shown in FIG. 9, in the spectra obtained from the first and the second ZnO single crystalline layers, an 
55 intensity of exclton emission having energy of about 3.37e\/ is strong, and the exciton emission is dominant. These 
ZnO single crystalline layers have less non-radiative recombination centers. 

[0071] In the spectra L5 and L6 obtained from the ZnO single crystalline layers according to the first and the second 
reference examples, a broad band emission having a peak energy around about 3,25eV Is dominant. It is considered 
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that the light emission is ascribed to crystal defect. 

[0072] From the measured result by the PL, it is found that the first and the second ZnO sinqle crvstalline laver. arp 

K . H V' o!."' ^'f. represent the measured results of the first and second ZnO single crystalline 

[0075] As shown in FIG. 1 0, in the first and second ZnO single crystalline layers, the half width of the XRC is narrow 

eferlT'" °' TL '""'^ ^'"9'^ '^'^^^^"'"^ '«y«'^ -'^'^^^'^ing to the first and^he second 

reference examples, the half width of the XRC exceeds 26 arcmin ursi ana ine second 

Sinh?"'^ those measured results, it is found that both of the first and the second ZnO single crystalline layers 
refe^iS e^Z'eT ^'"^'^ '^^^'^'""^ '^^^^^ --^^^'"9 Se slcond 

ZnO clvslLnntTH" ''T'' "^''""'"^ ^" ^-y^'^"'^'^ ^« Obtained by growing the 

ZnO^cryslal m the d.recUon of the -K.-axis (Zn surface) on the GaN layer having terraces aligned in the direction of the 

ZnO sinl^r.^TrT^"'""* °' ''^^^ " '"^P°rt^"' i'^P'-o^'ng the cn^stallinity of the 

c pLT thrio 9--".- th-^^'-tion of the .c-axis (Zn surface) to grow the ZnO crystaTenough on t e 

a-al!s alrlfn Z °' '"^^ ^^'^^'^ (^n surface), a growing speed in the direction of the 

theX ion o ?H ^"""y °' '°^'"9 ^ '""'t'Pli^^'ty of terraces aligned in 

the direction of the a-axis m the GaN layer that is a template layer, the ZnO crystal grown thereon is arown in the 
direction of the a-axis from the end of the terrace, and a position of the step becom'ls easy to b Zed o e" ct n 

c'sTalSnSTs rm^oXd" ■ " '''' ^'^ « ^ ^ -o-dimensions, td^ 

LTJr!L ^'"^^^''J*'^'^'''^ single '^O'stalline layer is also considered from Its growing speed that the ZnO crvstal 
IS largely grown two-d.mensionally in the (0001 ) surface (c-plane) similar to the firsland second ZnO single c^stS 

irie'^rw^nl' Rc'iTr/^ ?° ''"^'^ '""'''^ °" 9^°*^^ ^""^^^^^^^ ^0 "^'"9 t^e sapphire 

^innil flf I L J. • ^ descnbed in the above, for example, a growth substrate made of the ZnO 

[0081] In this case, it is preferable to use a growth substrate formed of a ZnO single crystal havinq a hexaoonal 
fac^t^'' TT'- ^'"9le crystalline substrate, it is preferable to foJa p urTy of (OOOlfsur 

t^fUtrctrsr^^^^^^ 

[0082] A step height at the adjoining fourth terraces is preferably about one molecular step or two-molecular step 
The one nioiecular step corresponds to a size of one molecule of ZnO. i.e. about 0.26nm The 170^0^^^ steo 
corresponds to a size of two molecules of ZnO, i.e. about 0 52nm molecular step 

b?Zin?.r^" 1 k"'"''°" °' ''^ """^ the terrace surface is preferably selected to 

?oor w en : T\ ' ° "^"'^^^"y »° « ^«"g« °* to 1 .0 degrees 

.t w I be dif^^^cult to grow the ZnO single crystal with an improved crystallinlty thereon. On the other hand when the 
ang e o inclination is over 2.0 degree, the surface morphology cf the ZnO single crystalline subsSe w be worsened 

Llf^l H ^ ' .f ° "'y''^' ""'^ ^" crystallinlty thereon. The angle of inclination is preferably 

selected to be especially in a range of 0,2 to 1 .0 degrees prererably 

LnT!!.n.IIln^"° ^'^''^"'"^ '^"'"9 °f terrace can be fomied by polishing etchinq 

mm wZZTT: ^^PP'^'^'^ ^""^'-^^ "^-'"g -^'«t (GOOD surface ' 

S the ann Jin Jr'' "1°'^'' °" '"^'^ ^^^^'^'""^ ''"'''^'^ — ''^g - oxygen atmos- 

mofl^ "9 «^°"d't,on can be provided, for example, 1000 degrees centigrade for an hour 

n ?h?»h. f ''''r '"'^ '"^'^ °^ '^'y^^^"'"^ ^"''^trate and the angle of inclination described 

,n the above can be conf.mied using X-ray diffraction. A ZnO single crystalline substrate wit' an angle of tncHnSon o^ 

formZT ' "'"^'^ '^'^^^^'""^ '^y^^ <'^^^^^«- ^^"-^ the fourth ZnO single cts Ll ne aJer) is 

formed on the pluralrty of fourth terraces on this ZnO single crystalline substrate in the same way'as thTcase of form ng 
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the first or the second ZnO single crystalline layer described above. 

[0088] For comparison, it was prepared a ZnO single crystalline substrate confirmed not to have an inclination in the 
growth front with the c-piane ((0001 ) surface) by the X-ray diffraction. On the ZnO substrate, the ZnO single crystalline 
layer (hereinafter called the ZnO single crystalline layer according to the third reference example) is similarly formed. 
5 [0089] For the fourth ZnO single crystalline layer and the ZnO single crystalline layer according to the third reference 
example, the RHEED pattern is examined in the same condition as the above-described RHEED, and also AFM meas- 
urement of the surface was perfonned. In addition, the PL spectra are measured in the same condition as the above- 
described measurement of the PL spectra. 

[0090] FIG. 1 1 A shows a RHEED pattern of the ZnO single crystalline layer according to a fourth ZnO single crystalline 
10 layer, and FIG. 1 1 B shows a RHEED pattern of the ZnO single crystalline layer according to the ZnO single crystalline 
layers of the third reference example. FIG. 12A shows an AFM of the fourth ZnO single crystalline layer, and FIG. 12B 
shows an AFM of the ZnO single crystalline layer according to the third reference example. These pictures show a 
region of 1x1 ^m of the surface of the ZnO single crystalline layer. 

[0091] FIG. 13 shows measured results of PL spectra according to the fourth ZnO single crystalline layer and the 

IS ZnO single crystalline layer according to the third reference example. In the graph, a solid line L1 0 shows the measured 
result of PL spectrum of the fourth ZnO single crystalline layer and a solid line L11 shows the measured result of PL 
spectrum of the third ZnO single crystalline layer 

[0092] Obviously from FIG.1 1 A to FIG. 13, when a ZnO single crystal is grown on a ZnO single crystalline substrate, 
a ZnO crystal having an improved cryslalllnily can be grown by forming the plurality of the fourth lerraces aligned in 

20 the direction of a-axis on a ZnO single crystalline substrate in advance. 

[0093] For the ZnO-containing compound semiconductor single crystalline layer with an improved crystallinity it can 
be easy to improve the doping efficiency. By doping group 111 element such as gallium (Ga), aluminum (Al), etc., an n- 
type ZnO-containing compound semiconductor single crystalline layer can be obtained. Also, by doping nitrogen (N), 
sodium (Na) etc., a p-typc ZnO-containing compound semiconductor single crystalline layer can be obtained. Even if 

25 nitrogen and gallium are co-doped, the p-type ZnO-containing compound semiconductor single crystalline layer can 
be obtained. 

[0094] For example, by forming the n-type ZnO-containing compound semiconductor single crystalline layer and the 
p-type ZnO-containing compound semiconductor single crystalline layer to have a desired shape at a desired location, 
a ZnO-containing compound semiconductor device which works as a light emitting diode or the like can be obtained. 
30 [0095] The ZnO-containing compound semiconductor device will be explained. FIG. 1 4 schematically shows a ZnO- 
containing compound semiconductor device 50 according to an embodiment of the present invention. Explanation for 
similar elements as shown in FIG. 2 is omitted by giving similar reference symbols. 

[0096] In the semiconductor device 50 shown in FIG. 14, a buffer layer 30 is formed on the GaN layers, and thereon 
the n-type ZnO single crystalline layer 32 and the p-type ZnO single crystalline layer 34 are laminated in this order. 

35 [0097] The buffer layer 30 is formed by the ZnO-containing compound semiconductor, for example, ZnO. The n-type 
ZnO single crystalline layer 32 is a ZnO single crystalline layer having a film thickness of about 0.5 to 2 \in\ and to 
which group 111 element such as gallium (Ga), aluminum (Al) or the like is doped at a concentration of about 1 0^^cm"^. 
Part of the n-type ZnO single crystalline layer 32 is removed. An electric insulating layer 36 formed of, for example, 
silicon nitride, and having an aperture in a central part is formed on a peripheral portion. A first electrode 38 is fonned 

^0 to fill the inside of the aperture. 

[0098] In order to fomn ohmlc-contact between the n-type ZnO single crystalline layer 32 and the first electrode 38, 
it is preferable that the first electrode 38 is formed by for example, indium (In) and aluminum (Al). 
[0099] A pn-junction is fonned by forming, for example, a disc-shaped p-type ZnO single crystalline layer 34 having 
a thickness of 0.1 to l^im on the n-type ZnO single crystalline layer 32. 

45 [0100] An edge and a periphery of the p-type ZnO single crystalline layer 34 are covered circularly in a plan view by 
the electric Insulating film. 

[0101] A circular second electrode 40 is formed on a peripheral region of the exposed surface of the p-type ZnO 
single crystalline layer 34 extending over the electric insulating film 38. For making ohmic-contact between the p-type 
ZnO single crystalline layer 34 and the second electrode 40, metal such as nickel (Ni), rhodium (Rh), platinum (Pt), 
50 palladium (Pd), gold (Au), etc., alloy of two or more of these metals, and a laminating film made by laminating thin films 
of two or more these metals are preferably used for forming the second electrode 40. 

[01 02] In a semiconductor device as described above, a positive voltage is applied to the second electrode 40 com- 
pared to the first electrode 38, to allow a forward current across the pn-junction. Recombination of electron and positive 
hole in the p-type ZnO single crystalline layer 34, or the like produces light emission. It is possible to obtain a light 
55 having the same energy as an forbidden energy gap from the upper surface of the p-type ZnO single crystalline layer 
34. That is, it is possible to use as a light emitting diode. 

[0103] in the above, although the crystal-growth substrate, the manufacturing method of the ZnO-contalning com- 
pound semiconductor crystal and the ZnO-containing compound semiconductor device according to the embodiments 
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crystalline sapphire substrate (for examX tit «nnh f °^ ^^"'P'^^^ '^^^^^ *e single 

Of (0001) surfaces a gnedTa sequen"^ e ZTnlZ ' ''T °' « 

has a plurality of (0001 ) surface aZed n Z f' ^ ""^'^ ^"^"^"^ '""^^'^^^^ °f ^^ich surface 

|-^03) su;strat -4 

Sd^^:e^n"a~aLT?it^^^^^ 

layerformed thereon belri l ranglof 0 1 to 0 sTor^l th 7 °' °^ '"^^ ^^^^'^^ °' ^^'-P'at' 
-----ypolishingJor:dZ^ 

rsL'rref:rero?sUTe";^^^^^^^^^^ 

or the like beside the above^Itc r^'Slo";'^^'^^^^^^^^^ "'^"^'^^■'^^^ ^'"^'^'"^^ ^ ^^^^ ^'N. 6H-SIC 

^Z^o^,^:Z:::S:i:Jf:XrS:^r "'^r^ ^ ^'^^^'^^ °^ (OOOD su^aces (terraces) 
^ Of inclination of the envelope of t e t^^ ;^^^^^^^ w th eac tJ-. ''Z ""'"^ °" ^'^^^ ^"9"= 

degrees, and more preferably selecteTnTrange"^^^^^^^^ ^^^'^^^"'^ ^^'^^^^^ ^" ^ 0-2 

terllire^lirorgS^ 

it is preferable to be one molecule^ ' one-molecule step or two-molecule step, and if possible, 

the Single cryst^line subs'tSe I'ou^the tempiS la^e^ ^ " ' ^^"^^ °' ^"""^ ' ' *° ^ ^ 

' axesarereprese^ntedbydifferenSi^^^^^^^^^ 

S":Lng^:;C%rrnTonrc;:rs;:i:^^^^^^^^^^ - p.type ZnO- 

vices such as a light emittina devicrsueh L « nnh ? J ^'^ Possible to fomi vanous kinds of semiconductor de- 

as ~ «..^«ep,srr.srai!ro?';sr. ;r;sr;r - 

sS,„ le *" co^bi«„„s,',„rft:,^o.„ bo by ,b.s. 
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The growth substrate according to claim 3, wherein said plurality of the (0001 ) surfaces are aligned in a sequence 
of terraces at an inclination angle of 0.1 to 0.5 degree with the growing surface. 

The growth substrate according to claim 3 comprising a single layer structure made of said compound single 
crystalline layer, wherein said compound single crystalline layer Is formed of gallium nitride, aluminum nitride, zinc 
oxide or 6H-silicon carbide, and said plurality of the (0001 ) surfaces are aligned along the direction of a-axis at an 
inclination angle of 0.1 to 2.0 degree with a growth front surface. 

A ZnO-containing compound semiconductor device, comprising: 

a growth substrate comprising a compound single crystal layer of a hexagonal crystal structure having a plu- 
rality of (0001) surfaces aligned in a sequence of terraces along with a direction of a-axis; and 
a ZnO-contalning compound semiconductor single crystal layer of a hexagonal crystal structure formed on 
said compou nd single crystal layer and having a growth front su rface declined toward the direction of the a-axis . 

The ZnO-containing compound semiconductor device according to claim 6, further comprising, between said 
growth substrate and said ZnO-containing compound semiconductor single crystal layer a zinc oxide buffer layer 
grown in a direction of zinc (Zn) surface. - ■ . 

At method of manufacturing a ZnO-containIng compound semiconductor crystal, comprising the steps of: 

(a) preparing a crystal-growth substrate comprising a compound single crystal layer of a hexagonal crystal 
structure having a plurality of (0001) surfaces aligned In a sequence of terraces along with a direction of a- 
axis; and 

(b) growing a ZnO-containIng compound semiconductor single crystal of a hexagonal crystal structure having 
a growing surface declined toward the direction of the a-axis on said compound single crystal layer. 

The method of manufacturing a ZnO-containing compound semiconductor crystal according to claim 8, wherein 
said crystal-growth substrate 

(i) Is a growth substrate on which said compound single crystal layer is fonned on the substrate, and said 
plurality of the (0001) surfaces have an inclination angle of 0.1 to 0.5 degree with respect to the growth front 
surface, or 

(11) comprises a single layer structure made of said compound single crystalline layer, wherein said plurality 
of the (0001) surfaces have an Inclination angle of 0.1 to 2.0 degree with respect to the growth front surface. 
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FIG.4 
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FIG.5B 
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FIG.6A 
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FIG. 7 A 



FIG.7B 
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FIG. 11 A 
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FIG. 12A 
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FIG. 13 
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FIG. 14 
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